The magnetite structure was studied with synchrotron x-ray powder diffraction above and below the Verwey transition. A symmetry-mode analysis was performed to obtain the atomic displacements from the amplitudes of condensing modes. The main contributing modes that drive the structural phase transition at the Verwey temperature correspond to the irreducible representations 5 , X 1 , X 4 , W 1 , and W 2 . The W modes, neglected so far, must be taken into account so a reliable description of the low-temperature crystal structure can be obtained. This is refined in the nonpolar space group C2/c with ten nonequivalent octahedral irons. The condensation of the mentioned modes leads to a wide distribution of local environments around the octahedral iron atoms, whose valences range between 2.53 and 2.84. This finding rules out any bimodal charge disproportionation of the octahedral iron atoms, i.e., an Fe 2+ -like/Fe 3+ -like ordering.
I. INTRODUCTION
Magnetite is a ferrimagnetic mineral belonging to the family of spinels with inverse structure. The chemical formula for spinels is AB 2 O 4 , and their crystal structures are cubic, space group Fd3m. The formula of magnetite is sometimes written as Fe 3+ [Fe 3+ Fe 2+ ]O 4 to reflect the fact that tetrahedral sites are occupied by trivalent ions, while the octahedral sites are filled by an equal mix of Fe 3+ and Fe 2+ ions. Magnetite is an electrical conductor at room temperature. Upon cooling, Verwey discovered a metal-insulator transition at T V ∼ 123 K characterized by a sudden decrease of two orders of magnitude in its electrical conductivity. 1 Verwey ascribed this transition to electron localization on distinguishable octahedral sites below T V , minimizing the Coulomb repulsion among them, 2 a feature known as the Anderson condition. 3 The electron in question was assumed to fluctuate between the two octahedral sites for T > T V . Since then, this type of charge ordering (CO) has become the archetype for other metal-insulator transitions in mixed-valence oxides.
The picture of the Verwey transition, with a bimodal distribution of Fe 2+ and Fe 3+ ions on the octahedral sites, was soon in conflict with the properties of magnetite below T V (see, for instance, Ref. 4 ). Neutron, x-ray, and electron diffraction studies on single crystals [5] [6] [7] showed that the low-temperature cell is monoclinic with lattice vectors (1,1,0), (−1,1,0), and (0,0,2) with respect to the parent cubic structure. The most complete study, performed by Iizumi et al., 5 proposed the space group Cc with 16 nonequivalent octahedral sites for the low-temperature cell. Formally, 16 different sites would correspond to 16 different charges. This result seemed to be confirmed by recent spectroscopic measurements, in which a 57 Fe NMR survey resolved 15 of the 16 octahedral environments. 8 The differences among these octahedral sites must be small in accordance with previous resonant x-ray scattering (RXS) experiments probing (0 0 l) and (00 l 2 ) reflections. 9, 10 The Verwey transition was recently studied by inelastic neutron scattering, and a large splitting in the acoustic wave branch at T V with the appearance of a gap at q = (0,0,1/2) was observed. No CO model was able to account for the experimental splitting, and the formation of a charge-density wave was suggested. 11 However, a thorough work by Wright et al. 12, 13 suggests a different CO scheme. Using x-ray and neutron powder diffraction, they refined the structure in the space group P2/c with the following lattice vectors with respect to the cubic structure: (1/2,1/2,0), (-1/2,1/2,0), and (0,0,2 and Fe +2.6 that does not satisfy the Anderson condition but which has a charge modulation along the z direction. Despite the fact that this structure is only a first approach, accounting for only a quarter of the actual cell, recent calculations still use it to explain the Verwey transition within a scheme of pseudo-Fe 2+ /Fe 3+ charge and orbital orderings. [14] [15] [16] [17] [18] To sum up, the lack of an accurate determination of the magnetite structure below T V has obviated a reliable characterization of the CO developed at the metal-insulator transition, if any. This is because of the enormous difficulty involved in solving its crystal structure at low temperature. For one thing, the proposed monoclinic cell contains 32 formula units, which implies a large number of parameters to be accounted for by conventional powder diffraction. Moreover, the phase transition leads to strong twinning, which, in addition to the presence of multiple scattering and self-absorption problems, makes structure resolution by single-crystal diffraction very difficult. The most complete structural studies have overcome these difficulties by making use of constraints in the refinement processes. Iizumi et al. 5 and Wright et al. 12 realized that the most intense superstructure peaks at low temperature come from the condensation of 5 and X 1 modes, which allows stable refinements using structural constraints arising from the transition of the cubic Fd3m to the orthorhombic Pmca cell. This approach has the disadvantage of masking any type of charge modulation within the monoclinic ab plane.
In order to obtain an accurate picture of the crystal structure below T V , we have carried out a structural study using high-resolution synchrotron x-ray powder diffraction data from a highly stoichiometric powder of magnetite. The paper is organized as follows: Sec. II explains the physical basis of the structure analysis; experimental details are collected in Sec. III; results and discussion are reported in Sec. IV; and Sec. V summarizes the main conclusions of this work. 
II. MODE ANALYSIS
In a structural phase transition, the low-temperature phase (or distorted structure) can be described as the hightemperature phase (or parent structure) modified by static frozen distortions coming from atomic displacements. In the Landau theory, the main signature of a phase transition is the appearance of a symmetry-breaking distortion, which is mainly caused by the freezing of symmetry-adapted modes associated with the order parameter. 19 The frozen distortions are accounted for by modes that are collective correlated atomic displacements fulfilling specific symmetry properties. Any structural distortion can be decomposed into contributions of modes with different symmetries given by irreducible TABLE I. Refinement parameters: temperature, space group, unit-cell parameters, and reliability factors. The number of variables and reflections corresponds to the combination of the two phases, and d-spacing range indicates the location of the last and first reflections in the refined range. Numbers in parentheses are standard deviations in the least significant digit. When a crystal experiences a symmetry-lowering structural distortion, some of the symmetry elements of the parent space group are lost, while the rest persist in the resulting superstructure. The persisting elements form the space-group symmetry of the low-symmetry phase, which is called an isotropy subgroup of the parent structure. The distortion relating parent structures to distorted ones can be divided into two parts: first, a strain of the parent lattice, and second, a set of atomic displacements, which may break some translational symmetry without affecting the metrics of the underlying parent lattice. The first part is accounted for by refining the actual cell obtained from the diffraction experiments. The atomic position of an i atom in the distorted structure for a given irrep can be expressed as r i = r 0 i + u i , where r 0 i is the i-atom position of the parent structure expressed in the setting of the space group for the distorted structure. u i is the atomic displacement, which can be expressed as a linear combination of a basis of symmetry-adapted modes, u i = n j =1 Q j ε j , where Q j stands for an amplitude with units of length and ε j are the components of the so-called polarization vector, which describes the corresponding set of correlated atomic displacements. This set of normalized displacements ε ( ε 1 , ε 2 , ε 3 , . . . , ε n ) within the asymmetric unit of the isotropy subgroup unambiguously defines the polarization vector of the corresponding symmetry mode. The displacements for the rest of the atoms are obtained by the symmetry operations of the low-temperature space group. Once the decomposition of the proposed structure in terms of symmetry modes is done, the free parameters become Q j instead of individual atomic coordinates, and this procedure allows more stable TABLE II. Wyckoff positions, refined fractional coordinates, isotropic temperature factors and bond valence sums. An average temperature factor was refined for all atoms at 80 K. Letters and numbers are indicated in the atom column for comparison with Ref. 13 . Numbers in parentheses for the rest of the columns are standard deviations in the least significant digit.
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Nowadays there are programs such as ISODISPLACE 20 and AMPLIMODES 21 able to yield individual mode amplitudes that can be passed to Rietveld refinement programs. Finally, the refined amplitudes can be expressed in conventional fractional coordinates. Further details about the theory of the symmetry-mode analysis and the available tools can be found elsewhere.
22,23

III. EXPERIMENTAL SECTION
Magnetite was prepared with high-purity Fe 2 O 3 (99.999%). The oxide was fired at 1200
• C for 24 h in a current flow of CO 2 /CO (96/4). The powders were ground, pressed into rods, and sintered at 1400
• C for 24 h in the same atmosphere, ensuring the right cation-to-oxygen stoichiometry. 24 Single crystals of magnetite were grown from the rods in the same atmosphere by the floating zone method. 25 The final powder of magnetite was obtained by grinding the single crystals. Single crystals showed a saturation magnetization at 5 K of 4.11μ B , and T V is 123.5 K with a narrow transition width ( T = 1 K). 26 These features correspond to highly stoichiometric samples, Fe 3(1−δ) O 4 with δ ∼ = 0.000. 24, 27, 28 Synchrotron x-ray diffraction patterns were measured at the ID31 beamline at the ESRF (Grenoble, France). This is an insertion device with small-gap undulators and fine tuning of the magnets to permit both high-brilliance x rays and high collimation in the horizontal and vertical directions. The result is a significant increase in the flux incident on the sample and an improvement in the signal-to-noise ratio. 29 The sample was loaded in a borosilicate glass capillary (φ = 0.5 mm) and kept spinning during data acquisition. A short wavelength, λ = 0.3528Å, was selected to reduce absorption. The value of λ was calibrated using standard silicon. The data were collected at 80 and 160 K for 6 h at each temperature. Diffraction patterns were analyzed by the Rietveld method using the FULLPROF program 30 with the symmetry-mode analysis. The input file with the basis modes was obtained from the AMPLIMODES program. 21, 23 
IV. RESULTS AND DISCUSSION
Our sample adopts the expected cubic structure with space group Fd3m at 160 K. The diffraction pattern also reveals the presence of traces of hematite, 0.5(1) wt %. This weak contribution from the hematite phase was also detected in previous works, and it was ascribed to the surface oxidation of the powder during the grinding process. 12 The impurity was included in the structure refinements as a secondary phase. The calculated and experimental patterns are shown in Fig. 2 , and details of the Rietveld refinement are given in Table I . Atomic coordinates and valence states obtained from bond valence sums 31 (BVSs) are collected in Table II . The values obtained for the cubic phase agree with the reported data, 13 and BVS indicates that tetrahedral irons are underbonded, i.e., the calculated valence is lower than the ideal one, whereas the octahedral atoms are overbonded.
Below the Verwey transition, two changes occur in the x-ray diffraction pattern. One is peak splitting in many of the strong diffraction lines (see Fig. 3 ), and the second is the appearance of new superstructure peaks with very weak intensity. All of these features can be accounted for by a monoclinic cell with the lattice parameters a m = a c + b c , b m = b c − a c , and c m = 2 c c (subscripts m and c refer to monoclinic and cubic cells, respectively). The reflection conditions concur with a C-centered lattice and the existence of a c-glide plane of symmetry. We have used the ISODISPLACE tool 20 to explore the possible distortions capable of yielding the mentioned monoclinic cell. Two possible distorted structures are found with the polar Cc and the nonpolar C2/c space groups. The cells are metrically equivalent for the two cases. ISODISPLACE and AMPLIMODES were used to decompose the symmetry-breaking distortion present in the two transitions-from Fd3m to Cc and from Fd3m to C2/c. A summary of the mode decomposition is collected in Table III . Both transitions have in common the active modes corresponding to the irreps + 1,3,4,5 , 2,4,5 , X 1,2,3,4 , and W 1,2 (hereafter, we denote these modes as modes, modes, and so on). The only difference concerns the modes belonging to irreps that break the inversion center, − 2,4,5 , which are active in the transition to Cc but absent in the transition to C2/c. Accordingly, the C2/c cell is a good nonpolar approximation for the Cc cell. Moreover, the Fd3m -to-Cc transition has a total of 168 mode amplitudes to be refined, while the amplitudes involved in the transition to C2/c are only 80 in number. On the basis of these considerations, we used C2/c for the refinement of the 80-K diffraction pattern.
The very weak superstructure peaks and the large number of structural variables led to unconstrained refinements that were not stable, diverging rapidly. Therefore, a stepwise refinement strategy was adopted and the number of degrees of freedom was gradually increased. Previous studies pointed out the robustness of refinements using the symmetry constraints of the Pmca cell (standard setting Pbcm). 5 This approach was also used in the refinement with a monoclinic P2/c cell. 12 The mode decompositions of these two distortions are also collected in Table III . We started our study by reproducing the refinement of the P2/c model. 12, 13 Table IV shows the mode decomposition for the reported P2/c structure in the setting of the C2/c space group (A 1 amplitudes). Here, a clear hierarchy can be established: 5 and X 1 are the primary modes; modes are secondary ones, accompanying the main transition. Subsequently, we completed the refinements of all the common active modes that are also present in the transition from the cubic Fd3m to the Pmca cell. This refinement yielded the global distortion amplitudes collected in the sixth column of Table IV (A 2 ) . The small differences between A 1 and A 2 come from the refinement of additional modes (mainly involving to tetrahedral iron atoms) not considered in the constraints of Ref. 13 . Both refinements yielded similar fractional coordinates and, therefore, similar bond lengths. However, they account for only approximately three-fourths of the weak superstructure peaks, with the weakest peaks still not fitted, as seen in Fig. 4 . We then fixed the values of these amplitudes and refined additional W modes associated with the ( 1 2 ,1,0) k vector; i.e., we removed the Pmca constraints. Refining both W 1 and W 2 , we were successful in explaining all superstructure peaks (see Fig. 4 ). The next step was to test if further modes had a role, but with the previously refined modes fixed. We found that only some modes of the irrep X 4 slightly improved the refinement, while the contribution from the remaining irreps ( + 4 , 2,4 , and X 2,3 ) was negligible. Finally, all amplitudes of contributing modes were refined freely, together with the remaining parameters (lattice, average temperature factor, and peak profile parameters) to verify the stability of the refinement. The final result of the refinement is plotted in Fig. 5 . Details of the refinement and the resulting fractional coordinates are summarized in Tables I and II. The fractional coordinates in Table II correspond to the global amplitudes given in the seventh column of Table IV  (A 3 ) . 5 continues to be the most intense mode, but we observe that the refined amplitudes of W and X modes are equivalent, so there is no justification for neglecting the contribution of the former. It is worth comparing our results with the previous analysis in the P2/c cell with half values for the a-and b-monoclinic cell parameters. In P2/c, there are six nonequivalent octahedral sites but, due to the Pmca constraints, Wright et al. 12 resolved only four sites: B1 (a and b), B2 (a and b), B3, and B4. In the larger C2/c cell, B1b, B2a, B3, and B4 are split into two nonequivalent sites, giving rise to a total of ten nonequivalent sites for octahedral irons. These yield ten different environments for these atoms, resulting in ten different valences (see Table II ). The valences are very similar for some sites, as occurs for B2. Other sites are composed of an even mix of valences, as occurs for B1b, B3, and B4. Our results agree with the reported charge modulation between B1 and B2 sites along the z direction. 12, 13 However, the valences of the B3 and B4 sites are strongly overlapped, and the average difference between the two sites is significantly smaller than that obtained from the P2/c model. The spread of valences for the B3 and B4 sites agrees with the negligible charge disproportionation observed by RXS.
32,33 Figure 6 shows the distribution of octahedral Fe atoms within the C2/c cell. The modulation between B1 and B2 along the z direction is evident in this figure. In addition, we observe a secondary modulation along the y direction for B3 and B4. The charge distribution for this modulation is continuous, with four formal valences, and there is a phase shift in the modulation between consecutive B3-B4 rows in a given ab plane and between layers along the z direction due to the c-glide plane. A similar modulation is observed for the B1b sites, indicating a very complicated pattern of frozen distortions for the monoclinic cell of magnetite.
Regarding the active modes in the transition from Fd3m to C2/c, only the We conclude that the Verwey transition in magnetite is driven by the simultaneous condensation of several modes giving rise to distortions, which opens a gap in the electron conduction band.
V. CONCLUSIONS
We were successful in refining the low-temperature phase of magnetite using a monoclinic C2/c cell with a m = √ 2a c , b m = √ 2a c , and c m = 2a c . Our results confirm the charge disproportionation found by Wright et al. 12, 13 between the B1 and B2 sites but not between B3 and B4. Another modulation with a wide distribution of valences is present in the monoclinic ab plane, mainly affecting the B3 and B4 sites. The condensation of the W 1 and W 2 modes, whose role has been neglected so far, plays an important role in the latter modulation. These modes, together with 5 ,X 1 , and X 4 , lead to a complicated pattern of frozen distortions, obviating any bimodal distribution of charges in the octahedral irons below T V and, consequently, any correspondence with a pseudo-Fe 3+ /Fe 2+ ordering. This is the best nonpolar approximation for the crystal structure of magnetite below T V . When the ferroelectric properties of magnetite are experimentally confirmed, 34 the actual cell should have Cc symmetry; but further atomic displacements leading to the polar structure are likely to be much smaller. In this context, spontaneous polarization has only been detected below 40 K in thin films 35 and single crystals, 36 but a concomitant structural transition has not been clearly established. 36 
